In 1943 (1) we published an experimental study of poliomyelitic infection in relation to ingestion of virus in which we offered evidence suggesting entry of infection through the superficial nerve endings of the alimentary and respira, tory mucous membranes, especially those of the oropharynx, into the appropriate peripheral ganglia (semilunar, nodose, etc.), where primary lesions were produced, and thence into the CNS. In 1946 (2), we reported a histopathological study of 8 fatal human cases in which the findings were also suggestive of and harmonious with this hypothesis. The data on which our admittedly tentative conclusions were based consisted of fairly constant inflammatory lesions with neuronophagin in the semilunar (Gasserian), nodose, and other peripheral ganglia, especially those supplying the oropharynx, and they were presented as being in sharp contrast with the well established absence in human poliomyelitis of such lesions in the olfactory bulbs, which had made the theory of olfactory entry untenable. The diffculty of distinguishing between central and peripheral origins of these lesions in the ganglia was stated in both papers. Bodian and Howe (3) in a subsequent study again pointed out this difficulty and expressed the opinion, with which we agree, that the study of human material, since it is necessarily obtained from far advanced disease, cannot offer conclusive proof of centripetal entry of infection along the pathways mentioned. They did, however, come to conclusions identical in principle with ours that the most probable route of entry was along certain peripheral nerve pathways, including the V and X cranial. If this principle is correct, centripetal passage of virus through afferent nerves such as the cranial V, IX, X, or sympathetic supplying the oropharynx, must of anatomical necessity involve the peripheral ganglia in which the cells of origin are situated, x However, direct * Aided by a grant from the National Foundation for Infantile Paralysis, Inc. * Exposure of a cut nerve can at times differ from the natural process of surface exposure when the nerve contains fibers leading directly to the CNS. Since after such exposure only a minority of the fibers become infected (4), it is conceivable that those with cells of origin in the peripheral ganglia might escape and only those originating in the CNS become infected. An example of this "skipping" phenomenon is cited by Bodian and Howe (3) in which the CNS became infected but the nodose ganglion showed no lesions after exposure of the cut vagus. This nerve trunk contains five different nerve paths only two of which originate in 549 550 ENTRY AND EGRESS OF POLIOMYELITIS, II objective proof of such inward passage da the peripheral nerve--ganglion pathway can only be obtained by experimental methods in which virus is first applied to an afferent peripheral nerve and the progress of infection followed by histological examination or subinoculation or, preferably, both. The present study has been designed to meet these requirements and, in addition, to investigate the subsequent entry and spread of infection in the central nervous system.
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(Received for publication, February 20, 1950) In 1943 (1) we published an experimental study of poliomyelitic infection in relation to ingestion of virus in which we offered evidence suggesting entry of infection through the superficial nerve endings of the alimentary and respira, tory mucous membranes, especially those of the oropharynx, into the appropriate peripheral ganglia (semilunar, nodose, etc.), where primary lesions were produced, and thence into the CNS. In 1946 (2), we reported a histopathological study of 8 fatal human cases in which the findings were also suggestive of and harmonious with this hypothesis. The data on which our admittedly tentative conclusions were based consisted of fairly constant inflammatory lesions with neuronophagin in the semilunar (Gasserian), nodose, and other peripheral ganglia, especially those supplying the oropharynx, and they were presented as being in sharp contrast with the well established absence in human poliomyelitis of such lesions in the olfactory bulbs, which had made the theory of olfactory entry untenable. The diffculty of distinguishing between central and peripheral origins of these lesions in the ganglia was stated in both papers. Bodian and Howe (3) in a subsequent study again pointed out this difficulty and expressed the opinion, with which we agree, that the study of human material, since it is necessarily obtained from far advanced disease, cannot offer conclusive proof of centripetal entry of infection along the pathways mentioned. They did, however, come to conclusions identical in principle with ours that the most probable route of entry was along certain peripheral nerve pathways, including the V and X cranial. If this principle is correct, centripetal passage of virus through afferent nerves such as the cranial V, IX, X, or sympathetic supplying the oropharynx, must of anatomical necessity involve the peripheral ganglia in which the cells of origin are situated, x However, direct objective proof of such inward passage da the peripheral nerve--ganglion pathway can only be obtained by experimental methods in which virus is first applied to an afferent peripheral nerve and the progress of infection followed by histological examination or subinoculation or, preferably, both. The present study has been designed to meet these requirements and, in addition, to investigate the subsequent entry and spread of infection in the central nervous system.
Method
In all experiments the right infraorbital portion of the maxillary division of the trigeminal (V cranial) nerve was divided, its central end, after section, being dipped in a suspension of poliomyelitis virus. For brevity, this procedure will be referred to as "nerve dip" or "dip." The right semilunar (Gasserian) ganglion and the right trigeminal, facial, and other primary centers in the brainstem are, therefore, ipsilateral and the left, eontralateral. The Cam strain of virus was used throughout. Cam has been placed by Kessel and Pait (5) in their group or type I, which also includes Bodian's Brunnhilde strain. Only rhesus monkeys were used in the present study.
It is to be noted that a short distance outside the infraorbital foramen, the infraorbital nerve (which is the extraorbital extension of the maxillary) divides into three or four branches which are joined by some filaments of the facial nerve. During the operative procedure the latter, as well as finer intramuscular elements of N. VII, were at times unavoidably exposed to virus, leading to the ascent of infection directly to the ipsilateral facial nucleus in the pons. As will be seen ir~ the tables, this occurred in several instances.
Under nembutal anesthesia an incision was made through the skin and muscle of the right side of the face parallel to and immediately beneath the orbit. The periosteum was earefully stripped back until the infraorbital foramen was located. A second incision was then made paraliel to the nose from a point lateral to the external naris joining the first incision at its mesial end, thus making a large V-shaped flap which was everted and held down with a towel clamp. The infraorbital nerves lie in the muscle thus exposed. The two largest central branches were carefully teased free with a fine pointed scalpel, divided about 5 ram. below the foramen with a very sharp blade, the exposed ends gently wiped free of blood, and dipped in virus for 10 minutes. For this purpose, 20 per cent cord suspension was taken up in a short length of glass tubing of about 2 mm. bore, attached either to a small rubber bulb or to a 0.25 mI. Luer syringe. The nerves were carefully lifted with a fine rat-tooth forceps, and about 2 ram. of the free ends inserted in the column of virus. The ends were inspected from time to time, and any blood clots which formed were carefully removed. If necessary, because of bleeding, the virus in the tube was replaced with fresh suspension after 5 minutes. After 10 minutes' contact, the entire area was sponged to remove, as far as possible, virus that might have escaped into the wound. Despite these precautions, however, tests with dye solution showed the nodose ganglion and two originate in the medulla. With the very doubtful exception of proprioceptive fibers originating in the mesencephalon, the infraorbital nerve used in our experiments contains only afferent fibers from the semilunar ganglion, and in the present series there were no instances of established infection in which the semilunar ganglia were not involved.
that some material does actually escape into the wound. The skin was sutured with silk, without attempting to close the cut musculature.
In subsequent experiments with sciatic nerve-dip, it was found that immediate contact with virus on nerve section is essential for successful infection. Delayed exposure may in some of the animals of the present study have accounted for the occasional failures to infect.
Animals were sacrificed under anesthesia by exsangulnation and perfused through the aorta with 10 per cent formalin containing 1 per cent acetic acid.
Ganglia were examined by serial sections, and the brainstem by semiserial sections taken at intervals of 0.25 ram., and stained with gallocyanin.
Groups of 4 rhesus monkeys, sacrificed at 2, 3, and 5 days after exposure by the same method were used for subinoculation of ganglia paralleling the histological studies. In these tests, two pools of ganglia were made from each group, one from the 4 right and one from the 4 left Gasserian ganglia. These were prepared by grinding with alundum in 3 to 4 ml. of saline, and the supernate, after low speed centrifugation, inoculated intrathalamically into rhesus monkeys, using two monkeys for each pool excepting in the 5 day group in which only one monkey was used for the right ganglia.
Controls
Four monkeys were subjected to infraorbital nerve section but not exposed to virus, in order to study the possible effect of peripheral nerve trauma on the neurons of origin. Two were sacrificed on the 4th and two on the 7th day. No changes were observed that would modify our interpretation of the lesions after exposure to virus.
The ganglia of uninoculated and otherwise untreated animals, were examined histologically as controls for the present study; the results were reported in the first paper of this series (6) . For convenience the pertinent data will be recapitulated here. The peripheral ganglia of 17 uninoculated monkeys (6 cynomolgus and 11 rhesus) that had been housed in our animal quarters for 17 days to 4 months ("old" animals) were examined by serial section to determine the types, distribution, and severity of lesions as compared with those in 9 "new" animals sacrificed within 3 days after arrival. Neuronophagia was found in about 65 per cent of "old" animals and none in the "new," and the number and size of infiltrative lesions were also greater in the "old." Simple neuronal necrosis was not, however, observed. The semilunar (Gasserian), nodose, and superior cervical sympathetic ganglia were chiefly affected. It appeared that a neurotropic infection had been acquired as a result of casual exposures in the laboratory, presumably with entry in the oropharyngeal mucosae.
Since all the monkeys in the present inoculated series had been here for 3 weeks or more and were therefore "old," the significance of the lesions in the peripheral ganglia must depend upon a comparison of their extent and severity with the control series of "old" animals. For this purpose, we have graded, and tabulated (Tables I to V) the involvement of each ganglion as a whole in respect to the numbers and extent of infiltrations (+), neuronophagia (,), or simple neuronal necrosis (D) according to the following definitions: +, presence of infiltrative foci not larger than grade + (1 to 5 neuron capsules in diameter) regardless of the number of such lesions.
++, presence of 1 to 3 grade ++ foci (6 or more neuron capsules in diameter); or 1 grade + + + focus (15 or more neuron capusules in diameter); or 1 grade + + and 1 grade + + + lesion. The number of grade + lesions recorded in such ganglia varied from none to 12 or more.
+++, the presence of 4 or more grade ++ foci, 2 or more grade +++ loci, or 3 or more mixed grades + + and + + + foci.
,, definite presence of neuronophagia, but in minimal degree, i.e. one or more + foci with neuronophagia of one cell; or 1 or more + + lesions in which only a few cells were phagocytosed; or 1 + + lesion with more extensive neuronophagia. **, 2 or more ++ loci, in all of which few or no cells were to be found. Ganglia were occasionally found with numerous + lesions, all with neuronophagia, and these were graded +**; in rare instances ganglia were seen with almost no intercapsular infiltration, but with numerous capsules filled with infiltrating cells, and such ganglia were also graded +**. ***, numerous + + and + + + lesions, all with neuronophagia.
In the control animals no lesions greater than ++** were observed, and ++** lesions, in only two individual ganglia. On this basis and because neuronophagia (,) itself is, we believe, evidence of neurotropic infection, we have in the following discussions interpreted ++** lesions as of probable significance and lesions greater than this as of positive significance. EXPERIMENTAL DATA In addition to the semilunar ganglia and the brainstem, serial sections were examined from the nodose, geniculate, petrosal, and superior cervical sympathetic ganglia, and samplings from the spinal cord at 3 levels from each of its major divisions. No lesions greater than those in uninoculated controls were found in any of the peripheral ganglia other than the semilunar, and the data from them have not been tabulated. GRotlP 1.---4 animals sacrificed 2 days after dip (Table I) . Conclusion.--At 2 days, no evidence of infection was apparent.
GRouP 2.---4 animals sacrificed 3 days after dip (Table II) . 
Summary.--No symptoms were noted in any of the series. In 3 of the 4 animals, the ipsilateral semilunar ganglia showed significantly severe and extensive lesions with marked neuronophagia and, in some pisces, neuronal necrosis without infiltration. The contrslateml ganglia showed no lesions of significance. The fourth animal showed no signs of infection. In the CNS, no lesions were found in 3 of the animals but in one (R6-62) a few minute parenehymal and perivascular lesions were present in and limited to the spinal V nucleus in the pons. In parallel subinocuistions, virus was demonstrated in the ipsilateral but not in the contralateral ganglia.
Conclusign.--Infection was demonstrable in the ipsllateral ganglia on the 3rd day, and suggestive evidence of beginning invasion of the CNS through the trigeminal path was found in one animal. GRowP 3.--4 animals sacrificed 4 days after dip (Table III) . GRoin' 4.---4 animals sacrificed 5 days after dip (Table IV) . In a comparable series of cynomolgus monkeys, however, made at a later date, virus was found in the ipsilateral semilunar ganglia on the 4th day.
Sum~ry.--3 animals showed no symptoms, but one (R6-89) showed tremors and right facial weakness on the 5th day. The ipsilateral semilunar ganglia showed significant and severe lesions in all cases (3 with simple neuronal necrosis in addition to neuronophagla), while the contralateral ganglia showed definitely significant lesions in one and probably significant lesions in another. The CNS showed well marked lesions in 3 animals, and none in the fourth. In one (R6-86), the lesions were confined to the VII nucleus, indicating central invasion through the facial nerve system only. In one (R6-93), invasion while early, was more extensive with maximum involvement in (a) the ipsilateral mesencephalic V nucleus in the midbrain; (b) the ipsilateral main sensory and spinal V nuclei in the pons, and (c) the contralateral VII nucleus. The locus coeruleus and the reticular formation, both of which are intimately connected with the trigeminal system also showed lesions, ipsilateral in the former. Early signs of infection were present in the thalamus and hypothalamus but none in the spinal cord. In this case, invasion of the CNS had occurred through the trigeminal pathways; involvement of the VII nucleus, as judged by its contralateral position, being secondary. In the fourth animal (R6-89), in which symptoms had appeared, invasion of the CNS had reached a more advanced stage, involvement of nearly all the centers in the pons and medulla (again including the locus coeruleus and reticular formation, but not the mesencephalic nucleus) had extended through the midbrain to the diencephalon, but had not yet reached the spinal cord. The exact pathway of initial CNS invasion could not be determined in this animal because of the advanced stage of the lesions. Parallel subinoculations were negative for the ipsilateral semilunar ganglia (only I animal subinoculated) and positive for the contralateral. The extremely heavy lesions in the ipsilateral ganglia in all the 5 day animals examined his tologically suggest that the negative subinoculation was fortuitous, but, for reasons that will appear in a subsequent paper, the positive test for the contralateral ganglia (which agrees with the heavy contralateral lesions in R6-86) we believe was due to excretion of virus followed by re-invasion and not to mislabelling of specimens.
Conclusion.--On the 5th day infection, present in the semilunar ganglia of all animals, had failed to invade the CNS in one. In one it had reached the CNS through the trigeminal system, in one through the motor VII nerve, and in one the exact site of CNS invasion was obscured by extensive spread of lesions. The secondary centers connected with the trigeminal, including the locus coeruleus and reticular formation, showed involvement in two cases. Infection had not yet spread to the spinal cord in any instance. The minimal incubation period (time of exposure to onset of symptoms) by the method employed appears to be 5 days. GRouP 5.--9 animals sacrificed 6 to 10 days after dip (Table V) .
Summary.--In 5 instances, all with symptoms (4 with facial weakness), the ipsilateral semilunar ganglia showed very heavy lesions (also the contralateral in 3), CNS invasion was extensive and severe in the brainstem and had descended to the spinal cord. 4 animals showed no symptoms and 2 of these had apparently escaped infection entirely. In the remaining 2 (R6-64 and R6-71), CNS invasion was at an early stage with involvement of the ipsilateral trigeminal and facial centers, the former mainly in the pons, but had not reached the spinal cord nor the diencephalon. The ipsilateral semilunar ganglion was heavily involved in one and to a probably significant degree in the other. No parallel subinoculation studies were made.
Conclusion.--Invasion of the CNS in the 6th to 10th day period varied in extent, and in 2 instances was early. It may have occurred by both the V and VII nerve routes. In one instance of early CNS involvement the lesions in the ipsilateral semilunar ganglia were heavy and severe. In 5, spread to secondary foci in the CNS was extensive. 2 animals escaped infection of both the peripheral and central nervous systems.
DISCUSSION
The main intent of the present study has been to clarify the evolution of poliomyelitic disease following peripheral exposure of afferent nerves with endings in the body surfaces. The main differences between the experimental conditions and those of the naturally occurring human infection are not basic. In the former, the coincidental exposure of motor nerves has a traumatic analogue in human poliomyelitis which will be discussed in another paper of this series. The results of exposure of one afferent system (the trigeminal) may be applied to others. In the human case, virus deposited on the mucous membranes of the oral and pharyngeal spaces is in a position to invade thc terminal fibers of the trigeminal, glossopharyngeal, vagal, and s3nupathetic systems, and their peripheral ganglia. This is the distribution so strikingly displayed in the casually exposed control series reported in the first paper of this series (6) , as well as in the case of a cynomolgus monkey exposed by spraying of the throat which we reported some years ago (7) .
In general, the evidence is clear that infection spreads centripetally from peripherally exposed nerve ends through appropriate axonic channels. Along trigeminal paths, established infection regularly ascends to the semilunar ganglion, but not infrequently fails to continue its centripetal course into the CNS. When it does so continue, the connecting trigeminal centers, notably spinal V, in the pons and medulla are first affected, and thence the process spreads, sometimes with great rapidity, both rostrally and caudally to other centers in the brainstem and eventually reaches the spinal cord. The emergence of symptoms occurs either on the day of initial CNS invasion or a day or two later.
Lesions and virus can both be detected in the ipsilateral ganglion on the 3rd day. In two instances small, very early lesions were present in the trigeminal centers in the CNS on the 3rd and 4th days respectively, while invasion of the CNS, when it occurred, was well marked and sometimes advanced on the 5th day, but limited to the brainstem. Obvious signs of disease were absent on the 5th day in 2 instances when CNS lesions were present, and this was also true in one case on the 7th day. The earliest involvement of the spinal cord was on the 6th day, but none had occurred on the 7th day in 2 instances with well marked lesions in the brainstem. Thus, brainstem encephalitis regularly preceded spinal myelitis.
Tremor, which is probably referable to the vestibular centers, was an initial symptom in the 6 eases in which any clinical manifestations were observed. In 5 cases, ipsilateral facial weakness also occurred on the 1st day, but in one (R7-05) weakness of neck and back and one arm pointed to a spinal origin, despite heavy involvement of the bulbar motor centers.
The site of tile early lesions and their progression from brainstem to cord and also rostrally supply some experimental confirmation of an hypothesis of the source and evolution of symptoms in the human disease stated in another paper (8) in which it was pointed out that the earliest clinical manifestations strongly suggest brainstem encephalitis as their source, both in cases without paralysis and in those in which paralysis later supervenes, regardless of the bulbar or spinal localization of the latter.
The failure of infection to spread into the CNS from infected semilunar ganglia, seen in several animals subjected to infraorbital dip, is also of interest in relation to human poliomyelitis. This phenomenon was notable in the series of uninoculated monkeys casually exposed in the laboratory and reported in the preceding paper (6) . The present observations, as well as some others still to be reported, give further support to the view there expressed that the pathological basis for some, and possibly most, of the extremely frequent cases of the "subclinical" disease in man may be infection limited to the peripheral ganglia, notably the semilunar, nodose, superior cervical sympathetic, and occasionally perhat)s some others supplying the mucosae of the upper alimentary and respiratory tracts. The fact that in occasional animals the degree and extent of neurotropic lesions in ganglia are not great suggests that infection might readily die out at the level of the ganglia without progressing further. We may reiterate the opinion stated in earlier papers (1, 2) that in any case in which infection enters through the superficial nerves of the alimentary and respiratory mucous membranes the primary lesion of poliomyelitis will be in the peripheral ganglia. When it enters through channels leading directly to the CNS, the primary lesion will be in the latter.
SUMMARY
Direct exposure to poliomyelitis virus of the central end of a cut branch of the V cranial nerve was followed by centripetal spread of infection to the semilunar (Gasserian) ganglion, involvement of which was detected both histologically and by subinoculation as early as the 3rd day. In some instances infec-tion did not progress further; in others it spread into the CNS with initial involvement of the trigeminal centers in the pons and medulla as early as the 4th day and by the 5th day was further advanced but still limited to the brainstem. Once infection was established it progressed both rostrally and caudally, at times with great rapidity, through the brainstem and reached the cord on the 6th or a later day. Incidental exposure in traumatized muscle of peripheral fibers of the VII motor nerve led in some instances to spread along that pathway directly into the CNS.
Application of the experimental results to human poliomyelitis is of interest chiefly in four respects. (1) The ascent of infection from a peripheral ganglion of the head area to the CNS with initial encephalitis of the brainstem and subsequent descent to the spinal cord is believed to parallel the evolution of the human disease as suggested by the character and order of development of the early symptoms and signs. (2) The failure in some instances of infection to spread from an infected peripheral ganglion to the CNS may parallel inapparent ("subclinical") poliomyelitis in man. (3) Invasion of virus through traumatized muscle directly to the CNS also has possible analogues in human experience which will be discussed in a later paper. (4) The presence of well marked and sometimes extensive lesions in the brainstem one or more days before symptoms emerge is also believed to parallel the human case. 
